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Abstract

The gas phase reactivity of the title compounds has been investigated by chemical ionization mass
spectrometry. The reaction pathways are deduced by plotting the relative ion abundances versus the
reactant gas pressure. The information gained with this new approach is compared with the available
data by ICR. The pentacoordinated and polynuclear species observed are discussed with regard to

their formation in the condensed phase.

Introduction

Although ion cyclotron mass spectrometry (ICR)
is the best method to investigate the gas phase ion
reactivity, the conventional chemical ionization mass
spectrometry (CIMS) is a useful and rapid technique
to get information on the overall behaviour of ions
in the gaseous phase.

In recent years transition metal nitrosyl compounds
have attracted considerable interest [1] for the un-
usual bonding ability of this ligand; following our
previous studies [2], we have investigated the gaseous
phase reactivity of two simple tetrahedral compounds,
Fe(CO),(NO), (I) and Co(CO);NO (II), with the
goal to seek for the formation of pentacoordinated
species since an increase in the coordination number
has been invoked in some substitution reactions in
the condensed phase [3], and to seek for unusual
compounds in view of the extensive occurrence of
ligand substitution reactions involving both o- and
w-bonding ligands.

The use of labelled gases and, mainly, the influence
of the reacting gas pressure on the relative abun-
dances of the metal containing ions seem useful
tools to get information on their formation paths,
even if this technique cannot replace ICR mass
spectrometry which remains the only means capable
of securely identifying mechanisms involving single
ionic species.

* Author to whom correspondence should be addressed.

0020-1693/91/$3.50

Experimental

The title compounds were prepared according to
published procedures [4]. Mass spectra were obtained
with a Finnigan Mat 112S mass spectrometer
equipped with a chemical ionization ion source. The
reactant gases were reagent grade products and their
pressure in the ionization box was kept between 1
and 100 Pa. The pressure measuring device consists
of a tube, gas-tight coupled to the ionization box,
bearing a Pirani gauge-head. Depending on the
reagent gas, significant variations in the mass spectra
were observed in the 1-20 Pa range. Mass spectra
presented in this work have been obtained at 40 Pa
with the exception of the data relative to C,D,
reactant gas. The ion source temperature was 140
°C and the electron energy was 100 eV.

Results and discussion

Electron impact mass spectra

While the mass spectra of the two compounds
recorded at normal conditions are in close agreement
with previous reports [5], an increase of the pressure
of the samples in the ion source (using the chemical
ionization box) leads to the formation of several
polynuclear species (Fig. 1). The ability to undergo
clustering reactions had already been fully reported
for Co(CO);NO [6] but information was not available
for the iron compound. We find a substantial agree-
ment in the nature of the species observed by ICR
and by EI for compound II; the mass spectrum is

© 1991 — Elsevier Sequoia, Lausanne
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Fig. 1. Mass spectra of Fe(CO),(NO), and Co(CO),(NO) at 10 Pa sample pressure.

strongly influenced by the sample pressure but the
ion 318, probably formed according to the reaction

Co(CO);NO + [Co(CO);NOJ*
=[Co0,(CO)s(NO),]* +CO

is always among the more intense peaks.

Also compound I exhibits the usual strong tendency
for clustering reactions [7a, b, c] and species with
up to 8 metal atoms were observed.

Hydrogen and methane CI mass spectra

Table 1 reports the mass spectra of I and II. When
the reagent gas is H,, the molecular ion is observed
with high abundance; this ion is formed by a charge
exchange reaction; this process is accompanied by
proton transfer reaction which is the main process

when the reagent gas is methane. The lack of any
specific fragmentation pathway of the protonated
molecule prevents drawing any conclusion concerning
the protonation site.

Figures 2 and 3 show the influence of the reacting
gas pressure on the relative abundances of the main
metal-containing ions. The marked difference be-
tween the ion abundances at low and high pressure
is due to the variation of the relative abundance of
different reacting ions in the gases. With H, as
reagent gas at low pressure the main ion present is
H,* which reacts by charge exchange and induces
high fragmentation because of its high recombination
energy (RE =15.4 ¢V) compared with the ionization
energy of compounds I and II [8]; increasing the
gas pressure the ion H,™ becomes more abundant



TABLE 1. Hydrogen and methane chemical ionization
mass spectra of iron and cobalt complexes

lons Fe(CO),(NO), Co(CO),(NO)
(reagent gas) (reagent gas)
H, CH, H, CH,
[M,—CO+H]* 3 6
[M,—COJ* 31 1 14 1
[M-2CO+H]* 17 2 38 8
[M-2CO1* 18 1 24 2
[M,—-3CO+H]* 21 1 21 1
[M,—3CO]* 10 1
[M,—4CO+H]* 27 5
[M+(CsHy))* 1 <1
M +(CHy)]* 2 <1
M +(CH))]* 4 1
[M—CO + (C;Hs)]* 3 1
[M+H]* s3 100 60 100
M1+ 46 3 46 4
[M—2CO + (C;Hs)]* s 11
[M—-CO+H}* 100 8 100 17
M-co]* 13 211 2
[M—-2CO+H]* 18 10
[M—2COo1* 7
[M—-CO~-NOJ* 8
[M—-2CO-NOJ* 6
[Fe, Co]* 11 12

M =molecular formula.
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Fig. 2. Abundance vs. hydrogen gas pressure for selected
ions of Fe(CO),(NO), (a) and Co(CO)3(NO) (b).

so that the protonated molecule and its fragment
increase; the charge exchange reaction is still present
but the lower RE of H;* (9.3 eV) reduces the
fragmentation reactions of the molecular ion.
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Fig. 3. Abundance vs. methane gas pressure for selected
ions of Fe(CO),(NO), (a) and Co(CO);(NO) (b).

The methane system offers more simple spectra
since the charge exchange reaction is reduced* (RE
for this system is between 8 and 8.4 eV) and the
fragmentation of the protonated molecule is reduced
because of the lower energy transfer resulting from
the higher proton affinity of CH, compared to that
of H,.

The presence of other reactive ions leads to new
reactions when methane is the reactant gas; the more
prominent of these ions, C;Hs*, gives rise to carbonyl
substitution reactions and, to a lower extent, also
to addition reactions; a different behaviour was ob-
served by ICR where only the ion Co(CO)-
(NO)(C3H;)* is present [9].

The plots of Fig. 2(a) are an example of the ability
of this technique to give information on the reaction
pathways. The parallel behaviour of the 173 and 145
ions whose relative abundance increases with the
reactant gas pressure, and the reverse behaviour of
the 172 and 144 ions, indicate that the 145 ion is
formed by fragmentation of the protonated molecule
and is not due to a reaction of the 144 ion with
the reactant gas. Dimeric species are more abundant
when the reactant gas is hydrogen (see Table 1);
this indicates that dimer formation is promoted by
coordinatively unsaturated ions which are more abun-

*The abundance of the molecular ion is greater at low
gas pressure and might be due to some charge exchange
with the CH,* ion, whose abundance sharply decreases
with the methanc pressure.
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dant with this system gas which transfers more energy
to the molecular ion or to the protonated molecule;
the greater reactivity of these fragment ions has
already been reported [6]. Scheme 1 summarizes the
major reactions observed with these gases; in this
scheme the reactions of the ion C;H;™, leading to
low abundance ions, are not supported by the ob-
servation of pressure effects. The formation of the
ion 158 is suggested as a primary reaction, in agree-
ment with the reported ICR results; no indication
is available for the formation of the ion 186; the
reactions of compound I with the ion C;H;™ are
only tentative. Low abundance ions due to methyl
and ethyl addition are also observed and are not
reported in Scheme 1.

Ethylene mass spectra

Ethylene is a complex reacting system with several
ions whose relative abundance is strongly dependent
upon pressure as shown in Fig. 4; in addition the
nominal mass of CO and C,H, is the same and the
mass difference among couples of possible reactive
ions is 28 u. In these conditions the use of ethylene
prevents a correct ion assignment, so that we used
ethylene-d, (which gives an identical reacting system)
to discriminate among the various reactions. From

Fig. 4 it is evident that at pressures greater than
20 Pa about 80% of the total ion current is due to
the ion CsHy *; since at these pressures the abundance
of the CI mass spectra of I and II is strongly reduced,
we suggest that this last ion has a limited reactivity
towards the two substrates. Table 2 reports the mass
spectra of I and II obtained by using the two reacting
gases; it is evident that several ions of the same
nominal mass show up a different structure when
the deutero derivative is used.

Figure 5 shows the variation of the major ion
abundances with the ethylene-d, pressure for com-
pound I; the trends of the ions abundances versus
the gas pressure suggest the following reactive be-
haviour (see Scheme 2).

(a) Reactions with C,D,*

This ion is able to undergo charge exchange re-
action followed by a reduced fragmentation up to
the first carbonyl loss*. The relative abundance of
these ions sharply decreases increasing the gas pres-
sure, probably because they react with the neutral

*Unpublished results from this laboratory indicate that
the energy supplied by the reactant ion can only lead to
the loss of one CO group.

coHY, cH,t > [Fe(C0),(N0),1" 172
CH5+ > [Fe(CO)z(NO)z(H)]+ 173
03H5+ > [Fe(CO)z(NO)Z(C3H5)]+ 213 —> [Fe(CO)(NO)z(CaHS)]+ 185
-co
> [Fe(NO)z(CaHS)]+ 157 <
Fe(C0),(NO), —
* [Fe(C0),(N0),1¥ 172 ——> [Fe(CO)(NO), 1" 144

CO(CO)3(NO)

v

v

Scheme 1.

C,H", cHy > [CO(c0)3(No)]+ 173
CH5+ > [Co(CO)3(NO)(H)]+ 174
C3H5+ > [CO(CO)3(NO)(C3H5)]+ 214 —> [CO(CO)Z(NO)(C3H5)1+ 186

H2 >
u,t _[::> [Fe(CO)Z(NO)Z(H)]+ 173 —> [Fe(CO)(NO)2(H)]+ 145

-CO

> [cO(co)(NO)(c3H5)]+ 158 <

[Co(CO)3(NO)]+ 173 —> [Co(CO)z(NO)]+ 145

[CO(CO)3(NO)(H)]+ 174 —> [CO(CO)Z(NO)(H)]+ 146
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TABLE 2. Ethylene and ethylene-d; (30 Pa) chemical ionization mass spectra of iron and cobalt complexes

Tons Fe(CO),(NO), Co(CO),;(NO)
(reagent gas (C,X,)) (reagent gas (C,X,))
X=H X=D X=H X=D
[M—CO +(CsXy)]* 11 8 6 1
M +(CXs)]* 7 10 6 2
[M —3(CO) +(C:X,): + (CXs)]* 9
[M —2CO +(CyXs) +(C:X)]" 35
[M—2CO+(CsX)]* 36 8
[M—CO+(C;X9)]* 5 7 1
[M—=2CO+(CX;) +(C:X)1* 6 13
[M—CO +(CX)1* } 16 10 } 30 12
M+(X)]* 12 15
[M)* 6 9
[M—CO+(CX)]* 100 70 100 100
[M—-2CO+(C;X,),]* 100 16
[M—=3CO+(CX\)i]* 16
[M—-2CO +(CXJ)]* 2 4 68 30
[M—3CO +(CyXs) +(C:X)]* 29
[M—-CO+(X)]* } 4 1 3 1
[M—-2CO+(CX)]* 5 5
[M—-2CO+(CX)]* 4 7 6
87 05

[M—=3CO+(C.Xy).]"

M =molecular formula; the square brackets contain the total ion intensity of different assignments with same nominal

mass.

s
T -
%0 [CsHql* 69

Relative Abundance
s

[CaHg)+ 471

20 ' 40
Ethylene Pressure (Pa)
Fig. 4. Abundance vs. ethylene gas pressure for the ions
ofm/z. @=69, X =55, x=53,» =41,0=39,A=29,3=28.

C,D, with the formation of the 176 ion, which is
formed via a CO substitution reaction from the ion
172 and, possibly, an addition reaction from the ion
144 which being coordinatively unsaturated, should

dL [F&(CO),(NO),(D)}* 174

2k

@
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[
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T 304

& [Fe(CO)NO), (C, Dy )I*

176

m_
10- [Fe(NO),(C,D4 )i 148

144\\_‘
2 3
Reacting Gas Pressure (Pa)

Fig. 5. Abundance vs. ethylene-d, gas pressure for selected
ions of Fe(CO),(NO);; when not indicated, the ion formulae
are reported in Scheme 2.

be very reactive; correspondingly, the 176 ion in-
creases remarkably with pressure.
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>[Fe(C0),(NO),]1" 172 >[Fe(CO)(NO),1" 144
c,0,” ‘Lﬂl“e(co)(NO) (c2D4)] 1;5D
>[Fe(NO),(€,D,)1" 24, [Fe(n0),(C,D,),]" 180
. | > [Fe(co)(n0),(cyp ) 1" 190
“3%s { 2% c,p,)(C,D)1" 194
>[Fe(NO) (C3D5)] >[Fe(N0),(C,D,)(C4Dg)]
}.'-‘e(CO)z(NO)2
>[Fe(C0)2(N0) (D)] 174
+ >[Fe(C0) (NO) (C2D5)]
c,D
2°s >[Fe(CO)(NO) (czns)] 178
c,D
>[Fe(N0),(C,D) 1" 150 —24 5 [Fe(N0),(C,D,)(C,D5) 1"
579 >[Fe(NO) (C5D9)]
Scheme 2.
Ip duced in a primary reaction with the loss of two
I [Co(CO)3 (NOXD)}* 175 carbonyl groups.
M—‘
T T T . . +
[Co(CO)NO)(C,Ds I+ 163 (b) R.eacno.ns with C3Ds . _
This ion gives rise to primary ions obtained by
- addition reactions accompanied by CO elimination

167

o—a— 195
T T T

[Co(CO)NOYC,D, )]+ 181

149

T

[Co(NO)(C,D,),J* 153

Relative Abundance
o

20 177
173 [Co(CO),(NOYC,D,))*
10 185
[Co(NONC,Dy)s*
121

© 2

Reacting Gas Pressure (Pa)
Fig. 6. Abundance vs. ethylene-d, gas pressure for selected
ions of Co(CO);(NO); when not indicated, the ion formulac
are reported in Scheme 3.

The ability of this reactant system to give rise to
carbonyl substitution and ethylene addition reactions
is also evident from the nature of the ionic products.
Among the more abundant ions is found
Fe(NO),(C,Dy).* (m/z=180), which is formed by
ethylene addition to the ion Fe(NO),(C,D,)* pro-

(the loss of two CO groups is the preferred process);
their abundance decreases as the reactant gas pres-
sure increases for successive reactions with neutral
C,D,; all these reactions end up with tetracoordinated
ions.

(c) Reactions with C,Ds*

This ion gives rise to proton transfer and to addition
reactions; these last reactions are accompanied by
CO losses; the primary ions react, as usual, with
neutral C,D,. The relative abundances of these ions
are low and rather insensitive to the reactant gas
pressure, so that the pathways leading to their for-
mation are not identified.

(d) Reactions with CsDy*

This ion gives rise to a CO substitution reaction
forming a low abundance ion. A more important
ion could be the 194 ion; an ion of the same mass
is also formed in the reactions with C;Ds*. The
increase of its abundance in the low pressure range
suggests it is formed in the reactions promoted by
C,Ds*, and the successive decrease in the high
pressure range could be due to the decrease of the
relative abundance of the C;Ds™ ion in the reactant
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Fig. 7. Abundance vs. carbon monoxide gas pressure and reaction path of Fe(CO),(NO),; the primary ion is Fe(CO).
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0 2 40

Fig. 8. Abundance vs. carbon monoxide gas pressure and reaction path of Fe(CO),(NO),; the primary ion is Fe(NO).

gas which is not offset by the corresponding increase
of the CsDy* ion. This ion is therefore mainly due
to the reactions promoted by C;D;*, and only at
rather high pressure could there be a contribution
from the reaction of CsDg*.

With this reacting system the major products are
ions obtained by the loss of all the carbonyl groups,
except for the 176 ion; a similar lability of the CO

groups, already noted in gaseous phase for
Co(CO);NO [9a], is not found in solution.

Figure 6 shows the variation of the major ion
abundances with the ethylene-d, pressure for com-
pound 1I; the plots suggest a behaviour similar to
that of compound I, and the proposed reaction
Scheme 3 is not further discussed. However, we wish
to point to some differences observed in comparison
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Fig. 10. Abundance vs. carbon monoxide gas pressure and reaction path of Co(CO),(NO); the primary ion is Co(CO).

with the ICR spectra, where addition reactions are ‘

not observed; in the CI spectra the ion Co(CO),NO™*
is able to add a neutral C,D,, as suggested by the
continuous increase of the relative abundance of the
177 ion and the corresponding decrease of the ion
145; the reaction of C;D,* with Co(CO);Nb is also
more complex, showing ions obtained by the loss of
1, 2 and 3 CO groups.

Carbon monoxide mass spectra
Carbon monoxide reacts by a charge exchange
reaction with the transfer of a large amount of

energy, giving rise to extensive fragmentation. Table
3 reports the mass spectra of I and II. For compound
I the more abundant ions at low CO pressure are
Fe(CO)*, Fe(CO),", Fe(CO)(NO)" and Fe(NO)*;
these ions are probably formed in the first reaction
along with smaller quantities of Fe(NO),*; the mo-
lecular ion is also present at low CO pressure. Each
of these fragment ions undergoes successive reactions
with neutral CO according to the schemes reported
in the Figs. 7-9.

The plots indicate that the CO pressure increase
causes a decrease of some ions, while other ions
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3t |
5 Co(NO)+ 89
\ [Co(NO)] » o
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Fig. 11. Abundance vs. carbon monoxide gas pressure and reaction path of Co(CO);(NO); the primary ion is Co(NO).

TABLE 4. Ammonia chemical ionization mass spectra of
iron and cobalt complexes

TABLE 3. Carbon monoxide chemical ionization mass
spectra of iron and cobalt complexes

Tons Fe(CO),(NO), Co(CO);(NO) Tons Fe(CO),(NO), Co(CO);(NO)
[M;(CO)s(NO),]* 10 [M(NO),(NH,),]* 18

[M3(CO)5(NO).]* 28 [My(NO)(NH,),]* 19 4
[M,(CO)(NO),]* 58 [M(NO)(NH,),]* 1
[M(CO)s(NO),]* 20 [M(NO),(NH,),]* 3

[M,(CO)s(NO)]* 11 [M(NO)(NH,),]* 100 100
[M;(CO),(NO),]* 14 [M(NO)(NH,),]* 7 7
[M,(CO);(NO);]* 39 [M(NH;);)* 30 58
{M2(CO)(NO),]* 20 [M(NH,),]* 17 15
[M(CO)s(NO)]* 3

[Mz(CO)(NO)J + 5 M =metal atom.

[M3(CO)»(NO);] : 16

{ﬁzggggzg‘loo))il g TABLE 5. Nitrogen monoxide chemical jonization mass
[Mi(CO)z(NO;I] + 4 spectra of iron and cobalt complexes

[M(CO),]* 18

[M(CO)(NO)]* 7 Tons Fe(CO),(NO),  Co(CO);(NO)
[M(CO)s]* 14 9

[M(CO),(NO),]* 100 {M,—-3CO+2NO]* 1

[M(CO),(NO)]* 82 100 [M,—2CO +NOJ* 3

[M(CO)]* 10 86 [M,—CO]* 1

[M(CO)(NO),]* 41 [M;~3CO+NOJ* 36
[M(CO),(NO)1* 82 15 [M,—2CO]* 1

[M(CO),]* 17 24 [M—-2CO +2NOJ* 33 15
[M(NO),]* 17 [M—-CO+NO)* 100 97
[M(CO)Y(NO)]* 62 4 M]* 16 5
[M(CO),1* 15 15 [M-3CO+2NO]* 100

[M(NO)]* 69 [M-2CO+NOJ* 16 23

[M(CO)]* 19 11 [M-cCO]* 1 23

M =metal atom.

M =molecular formula.



TABLE 6. Cluster ions observed in the nitrogen monoxide
chemical jonization mass spectra of iron and cobalt com-
plexes

m/z Assignments I CVEN
(%)
684 [Cos(NO) 1] 2 86
654 [Cos(NO)o]* 2
565 [Cos(NO)]* 8 7
535 [Cos(NO),]* 3
446 [Coi(NO),1* 37 56
387 [Cos(NO),]* 2 47
373 [Co3(NO)s(NO)]* 12
343 [Cos(NO),(NO,)]* 3
320 [Coy(CO)(NO)s]* 5
313 [Coy(NO)5(NOy)]* 3
29 [Cox(CO)5(NO);]* 100 k7]
268 [Cox(NO)s]* 3 E7)
175 [Co(CO),(NO),]* 53 17
149 [Co(NO),)* 6 17
147 [Co(CO)(NO),]* 3 16
902 [FeA(NO),1]* 3 106
872 [Fex(NO),(]* 5 103
842 [Fe(NO),;s]* 6 100
812 [Fe7(NO)u] M 3 97
786 [Fes(NO)s]* 13 92
756 [Fes(NO)L]* 39 89
726 [Fes(NO);s]* 10 86
696 [Fes(NO)y] * 7 83
670 [Fes(NO),5]1* 14 78
640 [Fes(NO),,]1* 13 75
610 [FCs(NO)“] M 8 72
580 [Fes(NO)yol * 6 69
550 [Fes(NO)o]* 2 66
520 [Fes(NO)]* 1 63
490 [Fes(NO),]* 1 60
460 [Fes(NO)qs]* 26 57
554 [Fe (NO), 17 2 64
434 [Fe,(NO),]* 11 61
438 [Fe;(NO)o]* 8 50
408 [Fes(NO)]* 3 47
378 [Fe;(NO),]* 15 44
348 [FCg(NO)ﬁ] * 4 41
322 [Fe,(NO),]* 8 37
262 [Fe,(NO)]* 3 30
232 [Fe,(NO)]* 4 28
202 [Fe,(NO),]* 4 26
318 [Fe,(CO),(NO)s]* 84 34
290 [Fe,(CO)(NO);]* 70 32
316 [Fex(CO);(NO).]* 28 33
288 [Fea(CO),(NO),]* 19 31
174 [Fe(CO)(NO),]* 100 18

CVEN = cluster valence electron number; the CVENs pre-
dicted according to the nuclearity of the cluster ions arc:
M, =134, M;=48, M,=60, Ms=72, M;=86 and M,=98.

increase; the former are ions formed by the primary
reactions, the others derive from the successive CO
addition reactions. This general behaviour is illus-
trated by the ion Fe(NO)* (Fig. 8) whose abundance
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decreases constantly with the CO pressure while the
abundance of its daughter ions is typical of a con-
secutive series. In this regard it is found that the
ionic yield is almost constant for the series starting
with Fe(NO)* and Fe(CO)*, but an unexpected
major increase is observed for the Fe(CO),(NO),*
ion in the series starting with Fe(NO),*, indicating
that at high pressures an additional mechanism should
be active for the formation of the 172 ion. Two
possible ways can be conceived: the first one is a
collision stabilization of the molecular ion formed
in the primary charge exchange reaction, the second
one is a charge exchange between the neutral iron
compound and NO*, which is an abundant ion in
the CI mass spectra.

An increase of the coordination number is observed
only when the total electron valence number does
not exceed 18.

Rather abundant dimer ions are also observed;
their relative abundance is related to that of the
probable precursor as indicated in the Scheme. The
addition to the ion source of more Fe(CO),(NO),
at a CO pressure of 50 Pa causes a sharp decrease
of the monometallic ions, and a dramatic increase
of the 314 jon; its low coordinative unsaturation [10]
could be responsible for the stability of this ion.

Since the other primary ions (Figs. 7 and 9) behave
in a similar way, their reactions are not further
discussed; the sharp increase of the ion 316 after
the addition of Fe(CO),(NO), indicates again a high
stability for this ion whose coordinative unsaturation
is very low.

The results for compound II are plotted in Figs.
10 and 11; an analogous behaviour is evident and
there is no need for further discussion.

Ammonia mass spectra

This reactant gas is unable to undergo charge
exchange and proton transfer reactions. As reported
in Table 4, the more representative ions are due to
CO and/or NO substitution reactions; the unexpected
metal-containing ions observed with this reacting gas
could be due to a strong electrostatic interaction
which strengthens the metal-ammonia bond.

Figures 12 and 13 show the variation of the major
ion abundances with the ammonia pressure for com-
pounds I and II; the plots indicate that the pre-
dominant products of the primary reactions corre-
spond to the addition of NH;* with ligand loss; the
successive ammonia addition reactions, as indicated
in Scheme 4, can be deduced from the plots of Figs.
12 and 13; it is also evident how the successive NH;
additions occur with high efficiency, and the reactions
proceed up to the addition of three NH; groups; if
the final product is still coordinatively unsaturated
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Fig. 14. Abundance vs. nitric monoxide gas pressure for
selected ions of Fe(CO),(NO), (a) and Co(CO),;(NO) (b).

[Fe(NH;);* and Co(NH;);™], it can further react
with the neutral metal complex forming cluster ions.
The one step displacement of three CO by NH;*
has already been reported [9a] for II; however, neither
NO substitution nor addition of three NH; has been
observed. While the failure of the ICR technique
to observe the ion [Co(NO)(NH,);]* may be at-
tributable to the low ratio of ligand to metal complex
pressure (2:1) previously used, the failure to observe
ions obtained after the loss of NO groups indicates
that the rate constants for these reactions should
be substantially lower than those for the CO loss;
only the high NH; concentration in the CI conditions
makes these bimolecular reactions too fast to be
observed in the mass spectrometer time scale.

Nitrogen monooxide mass spectra

NO* reacts with compound I with the formation
of three ions: the molecular ion, formed by charge
exchange and the ions [Fe(CO),(NO);]* (n=0; 1)
formed by NO* addition and CO loss. As shown
in Fig. 14(a) the high relative abundance of these
ions at low NO pressure indicates their formation
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Fe(CO)z(No)2
(NHg)Y | [(NHg) HIY
[Fe(NH3)]+ 73 [Fe(Nof(NH3)]+ 103 [Fe(NO)z(NH3)]+ 133
NHsl NH3 NH3 l
[Fe(NH3)2]+ 90 [Fe(NO)(NH3)2]+ 120 [Fe(NO)z(NH3)2]+ 150
NH3l NH,
[Fe(NH3)3]+ 107 [Fe(NO)(NHs)]3+ 137
CO(CO)3(NO)
+ +
(Nug)* | [(NHy) H]
[Co(NH:;[)]+ 76 [Co(NO)(NH3)1+ 106
NHsl NH3
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[Co(NH,),1" 93 [Co(NO)(NH),1" 123
Nﬂsl NH3
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[Co(NH4),1" 110 [Co(NO)(NH)51" 140
Scheme 4.
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Fe(C0),(NO), + No* ——————>[Fe(CO)(NO)3]+ 174
NO

——>[Fe(NO)3]+ 146

>[Fe(NO)4]+ 176

——>[Co(CO)3(NO)]+ 173
NO l—CO

v +
—>[C0(CO)2(NO)2] 175

Co(C0)4(NO) + no*

[Co,(CO),(NO),1" 292
233 [Co(,\c0)(N0)3]+ 177

II NO
——>[Co(CO)(NO)2]+ 147
-CO | -CO| NO

Voo, NO v +
—>[Co(NO)2] 119 —m8™—> [Co(NO)3] 149

Scheme §.
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in primary reactions; of these ions only
[Fe(CO)(NO),3]* increases with the NO pressure,
indicating (see Scheme 5) that it is also formed by
reaction of neutral NO with metal containing ions;
the sharp decrease of relative abundance of the 144
ion compared with that of the 172 ion should be
due to its coordinative unsaturation; the formation
of four coordinated species terminates the addition
reactions. Relevant is the formation of the ion
[Fe(NO),]*, formally a 19 electron species, for which
a different coordination mode of at least one nitrosyl
group could be invoked. Table 5 reports the CI mass
spectra of I and II.

A similar behaviour (Fig. 14(b) and Scheme 5) is
also found for compound II whose NO addition/CO
elimination reactions end with Co(NO),;™, a species
already noted [11], as neutral molecule, in the gas
phase reaction of II with NO.

Extensive clustering reactions are observed with
this reagent gas; at low NO pressure dimer formation
is noticed for compound I, while the ion
[Co,(CO)3(NO);] * is one of the more abundant ions
for compound II. An increase of the sample pressure
causes a sharp decrease of the ions [Co(NO),}*,
[Co(CO)(NO),]* and a corresponding increase of
the ion [Co;(CO)3(NO);]™*; the two former ions are
thus able to react with the neutral molecule forming
the dimer ion. The increase of the sample pressure
also causes an extensive clustering in the two com-
pounds, with preferential formation of NO containing
ions. The observed ions are reported in Table 6
along with the CVENSs [12]. The variety of species
and the observed CVENs confirm the great aptitude
of NO to act as ligand, adapting its coordination
mode to allow an increase of the total coordination
number.

Conclusions

The results described above indicate that CIMS
is able to illuminate certain aspects of organometallic
chemistry.

First of all this work clearly indicates that the ion
formation pathways can be deduced by the influence
exerted from the reacting gas pressure on the ion
relative abundances. At low gas pressure it is possible
to identify the ions conceived by a primary reaction,
assuming that they are those with higher relative
abundance; the knowledge of the thermochemistry
of the involved reactions gives additional support in
the identification of these primary ions. If, increasing
the reactant gas pressure, a primary ion decreases,
we can assume that it is consumed in one or more
successive reactions; identification of these reactions
is accomplished by observing which ions increase

their abundance, or by allowing more substrate to
reach the ion source.

This assertion is well supported by the behaviour
of compounds I and II with CO as reagent gas.
Moreover, preliminary data indicate that it is possible
to reproduce with a good confidence the observed
trends, assuming consecutive irreversible n-stage re-
actions with m initial substances [13]; the calculated
rate constants fall in the range of 10710~ "* ¢m?
molecules™! s~!, indicating that the reported re-
actions are usually facile and occur rapidly, having
rate constants within an order of magnitude of the
collision frequencies.

Our results confirm that there is a relationship
between reactivity and coordinative unsaturation; in
fact, in the higher pressure range the most intense
ions are all nearly coordinatively saturated and do
not show any tendency to further react, as their
abundances are not appreciably influenced by the
reacting gas pressure.

A second point of particular interest regards the
different results obtained by ICR and by CI. ICR
has proved to be a powerful technique for studying
gas-phase ion-molecule reactions; nevertheless, the
ICR normal experimental conditions (in particular
the low ratio of gas to sample pressure) could prevent
some reactions being observed. Our results clearly
point out that unexpected reactions can occur if the
experimental conditions allow them. This in contrast
with the previous statements that in no case is the
NO ligand displaced by another molecule and with
the indication of the number of carbonyls displaced
by the reacting gas [8a]. It is evident that in CI
conditions even the C,D, plays a significant role in
carbonyl displacement reactions. These findings cast
some caution in the use of scales based on the
relative metal-ligand bond dissociation energies to
predict reactions. The CI experimental conditions
clearly point out that rich organometallic chemistry
occurs in the gas phase, and we suggest using this
technique as a rapid way to explore the reactivity
of organometallic compounds; this should supply
more help for synthetic inorganic chemistry.

The last point to notice is the role played by the
NO ligand with regard to the reactivity. The extensive
finding of pentacoordinated species strongly supports
the hypothesis that the coordinated nitrosyl could
change the mode of coordination favoring nucleo-
philic attack.

Acknowledgement

This work has been supported by the Ministero
della Pubblica Istruzione.



References

w

(a) D. M. P. Mingos and D. J. Sherman, Adv. Inorg.
Chem., 34 (1989) 293; (b) G. B. Richter-Addo and P.
Legzdins, Chem. Rev., 88 (1988) 989; (c) W. L. Glad-
felter, Adv. Organomet. Chem., 24 (1985) 41.

D. Perugini, G, Innorta, S. Torroni and A. Foffani,
Inorg. Chim. Acta, 146 (1988) 223; 133 (1987) 243; G.
Innorta, S. Torroni, A. Foffani and D. Perugini, /norg.
Chim. Acta, 112 (1986) 183; D. Perugini, G. Innorta,
S. Torroni and A. Foffani, J. Organomet. Chem., 308
(1986) 167.

F. Basolo, Polyhedron, 9 (1990) 1503, and refs. therein.

R. Job and J. Rovang, Synth. React. inorg. Met.-Org.
Chem., 6 (1976) 367; R. B. King, Organometallic
Syntheses, Vol. 1, Academic Press, New York, p. 167.
A. Foffani, S. Pignataro, G. Distefano and G. Innorta,
J. Organomet. Chem., 7 (1967) 473.

D. A. Fredeen and D. H. Russell, J. Am. Chem. Soc.,
108 (1986) 1860.

7

10

11

12

13

117

(a) D. P. Ridge and W. K. Meckstroth, in D. H. Russell
(ed.), Gas Phase Inorganic Chemistry, Plenum, New
York, 1989, p. 93; (b) M. S. Foster and J. L. Beauchamp,
J. Am. Chem. Soc., 97 (1975) 4808; (c) D. A. Freeden
and D. H. Russell, J. Am. Chem. Soc., 107 (1985) 3762,
(d) 109 (1987) 3903.

H. Illier, M. F. Guest, B. R. Higginson and D. R.
Lloyd, Mol. Phys., 27 (1974) 215.

(a) G. H. Weddle, J. Allison and D. P. Ridge, J. Am.
Chem. Soc., 99 (1977) 10S5; (b) J. Allison and D. P.
Ridge, J. Organomet. Chem., 99 (1975) CI11.

D. H. Russell, in D. H. Russell (¢d.), Gas Phase Inorganic
Chemistry, Plenum, New York, 1989, p. 115.

(a) I. H. Sabherwal and A. B, Burg, Chem. Commun.,
(1970) 1001; (b) R. Baw, 1. H. Sabherwal and A. B.
Burg, J. Am. Chem. Soc., 93 (1971) 4926.

(a) G. Ciani and A, Sironi, J. Organomet. Chem., 197
(1980) 233; (b) J. W. Lauher, J. Organomet. Chem.,
213 (1981) 25.

N. M. Rodiguin and E, N. Rodiguina, in R. F. Schneider
(ed.), Consecutive Chemical Reactions, Van Nostrand,
Princeton, NJ, 1964, p. 11.



